Signal transducer and activator of transcription 3 (STAT3) has been reported to be activated by interleukin-6 receptor (IL-6R) or epidermal growth factor receptor (EGFR) in head and neck squamous cell carcinomas (HNSCC), which may have important implications for responsiveness to therapeutics targeted at EGFR, IL-6R, or intermediary kinases. Suppressor of cytokine signaling-1 (SOCS-1) has been implicated recently in the negative regulation of IL-6R/Janus-activated kinase (JAK) -mediated activation of STAT3, suggesting that SOCS-1 could affect alternative activation of STAT3 by EGFR, IL-6R, and associated kinases. We investigated whether epigenetic modification of SOCS-1 affects STAT3 activation in response to IL-6R-, EGFR-, JAK-, or mitogen-activated protein kinase/extracellular signalregulated kinase kinase (MEK) -mediated signal activation. STAT3 was predominantly activated by IL-6R via Jak1/Jak2 in HNSCC lines UMSCC-9 and UMSCC-38 in association with transcriptional silencing of SOCS-1 by hypermethylation. In UMSCC-11A cells with unmethylated SOCS-1, STAT3 activation was regulated by both EGFR and IL-6R via a JAK-independent pathway involving MEK. Pharmacologic inhibitors of JAK and MEK and expression of SOCS-1 following demethylation or transient transfection inhibited STAT3 activation and cell proliferation and induced cell apoptosis in corresponding cell lines. Hypermethylation of SOCS-1 was found in about one-third of human HNSCC tissues, making it a potentially relevant marker for STAT-targeted therapy in HNSCC patients. We conclude that SOCS-1 methylation status can differentially affect STAT3 activation by IL-6R and EGFR through JAK or MEK in different HNSCC and response to pharmacologic antagonists. Identifying the potential factors and the regulatory pathways in STAT3 activation has important implications for the development and selection of molecularly targeted therapy in HNSCC.
Introduction
Signal transducers and activators of transcription (STAT) are a family of transcription factors that regulate fundamental cellular functions, such as proliferation, differentiation, cytokine production, and cell death (1) . Constitutive activation of STATs, especially STAT3, has been reported to contribute to oncogenesis by promoting proliferation and inhibiting apoptosis of tumor cells in head and neck squamous cell carcinomas (HNSCC; refs. 2 -8) as well as in a variety of other human malignancies (1, 9) . Activation of STAT3 occurs in response to cytokine signals, such as interleukin-6 (IL-6), through IL-6 receptor (IL-6R; refs. 10 -12) , or to growth factors through tyrosine kinase growth factor receptors, such as epidermal growth factor receptor (EGFR; refs. 2, 4). Activated STATs can dimerize and translocate to the nucleus and function as transcription factors to activate a broad range of genes (13) .
Constitutively activated STAT3 in HNSCC is an important proliferative and prosurvival signal in vitro and in vivo (2 -8) . EGFR and its ligand, transforming growth factor-a (TGF-a), which are overexpressed in most HNSCC, were first shown to contribute to activation of STAT3 in HNSCC (2 -4, 14, 15) . We showed that IL-6, another potential activator of STAT3, is also often expressed in tumor and serum of patients with HNSCC when compared with the normal subjects (16) . IL-6 protein expressed in HNSCC culture supernatants was found to induce phosphorylation of STAT3 by IL-6R signaling and proliferation (17) . In a subsequent study, Sriuranpong et al. reported that only 3 of 10 HNSCC cell lines exhibited moderate to strong activation of STAT3 by EGFR, and constitutive STAT3 activation was regulated by IL-6R in the majority of the lines independent of the EGFR pathway (18) . Results of a recent clinical trial with EGFR tyrosine kinase inhibitor are consistent with an EGFR-independent mechanism of signal activation of STAT3 in patients with HNSCC. Patients receiving gefitinib (Iressa, ZD1839) showed inhibition of EGFR and mitogen-activated protein kinase signal phosphorylation but not STAT3 phosphorylation (19) . Together, these data suggest that STAT3 activation may be mediated by IL-6 and/or EGFR in HNSCC. These alternative mechanisms of activation could have important implications for effectiveness and design of molecularly targeted therapy.
The basis for the apparent differences in the role of IL-6R and EGFR observed in these studies is poorly understood. We hypothesized that both IL-6R and EGFR are important in signal activation of STAT3; however, different intermediate signal pathways or negative regulators may determine the different responses in heterogeneous HNSCC cells. Activation of STAT3 following IL-6R gp130 phosphorylation has been shown to involve recruitment and phosphorylation of Janus-activated kinases (JAK; refs. 10, 11), whereas EGFR has been reported to activate STAT3 either directly or through Ras/mitogen-activated protein kinase/extracellular signal-regulated kinase (ERK) kinase (MEK) -mediated mechanisms (20, 21) . Conversely, STATs may be negatively regulated by a recently discovered novel gene family named suppressors of cytokine signaling (SOCS). Silencing of SOCS-1 expression by methylation has been observed in hepatocellular carcinoma, resulting in the increased sensitivity of JAK activation in response to cytokines, constitutive activation of STATs, and abnormal growth (22) .
In the present study, we examined HNSCC lines expressing both IL-6 and TGF-a for possible differences in signal activation by IL-6R gp130, EGFR, JAK, and mitogen-activated protein kinase and for expression of SOCS-1. Using receptor ligands and pharmacologic antagonists, we showed that EGFR and IL-6R induce STAT3 activation through JAK or MEK pathways in a cellspecific manner. The specific pattern of signal activation was determined by the status of SOCS-1 expression. Silencing of SOCS-1 expression in two HNSCC cell lines was found to be due to promoter hypermethylation, and suppression of IL-6-mediated STAT3 activation could be restored by demethylation or transient expression of SOCS-1. Hypermethylation of SOCS-1 was also detected in about one-third of tumors in situ. Our results show that IL-6 and EGFR make different contributions to the activation of JAK/STAT pathways in different HNSCC. Methylation and loss of SOCS-1 expression may be one factor contributing to the preferential activation of STAT3 by the IL-6R/JAK pathway and can be detected in tumor as a potential marker for use in selection of therapy.
Materials and Methods
Reagents, Antibodies, and Plasmids Chemical inhibitor U0126 (MEK inhibitor) was purchased from Promega (Madison, WI). Piceatannol (Jak1 inhibitor) and AG490 (Jak2 inhibitor) were from Calbiochem-Novabiochem Corp. (San Diego, CA). EGFR tyrosine kinase inhibitor PD153035 was purchased from Tocris (Ballwin, MO). Human recombinant IL-6 and TGFa were purchased from R&D Systems (Minneapolis, MN). Phosphospecific and non-phosphospecific antibodies and control cell extract for STAT3 and ERK1/2 were purchased from Cell Signaling Technology, Inc. (Beverly, MA). Anti-IL-6R monoclonal antibody was obtained from Biosource International (Camarillo, CA). Anti-EGFR C225 monoclonal antibody was from Calbiochem-Novabiochem. Anti-Jak1 monoclonal antibody was from Transduction Laboratories (Lexington, KY). Goat polyclonal anti-EGFR antibody, goat polyclonal anti-phosphorylated gp130, rabbit polyclonal anti-gp130 antibody, rabbit polyclonal anti-Jak2 antibody, mouse monoclonal anti-STAT3 antibody, mouse monoclonal anti-phosphotyrosine antibody, and protein G Plus agarose were from Santa Cruz Biotechnology (Santa Cruz, CA). The Bicinchoninic Acid Protein Assay and SuperSignal West Pico Chemiluminescent Detection kits were obtained from Pierce (Rockford, IL). STAT3 luciferase reporter construct (pSTAT3-TA-Luc) was purchased from Clontech (Palo Alto, CA). The plasmid containing human SOCS-1 cDNA (pORF5-hSOCS-1) and control plasmid (pORF5) were obtained from InvivoGen (San Diego, CA). The STAT3h dominant negative (pIRESSTAT3h) and backbone plasmid (pIRES-EGFP) encoding enhanced green fluorescence protein were kindly provided from Drs. James Turkson and Richard Jove (H. Lee Moffitt Cancer Center and Research Institute, University of South Florida College of Medicine, Tampa, FL). The construction and characterization of pIRES-STAT3 has been described previously (23) . The constitutively activated MEK mutant (pcDNA III-MEK EE) and MEK dominant negative (pcDNA III-MEK AA) were provided by Dr. Silvio Gutkind (National Institute of Dental and Craniofacial Research, NIH, Bethesda, MD). The pCMV-LacZ construct was made in our laboratory and consists of a LacZ gene inserted between the cytomegalovirus promoter and BGH polyadenylate signal sequence in pcDNA3 (Invitrogen, Carlsbad, CA).
Western Blot and Immunoprecipitation Whole-cell lysates (20 Ag) were mixed with Laemmli loading buffer (containing h-mercaptoethanol) and heated at 100jC for 5 minutes. The samples were loaded onto 10% Tris-glycine precast gels and electrophoresed at 140 V for 90 minutes. The proteins were transferred to 0.45-Am nitrocellulose membranes (Invitrogen) for 2 hours at 20 V at room temperature using the Invitrogen Gel Blot Module. Immunoblotting for EGFR, gp130, phosphorylated gp130, and STAT3 was conducted according to the manufacturer's specifications. Primary antibodies were diluted in 5% nonfat powdered milk prepared from TBS-Tween 20 as follows: 1:500 for phosphorylated gp130, Jak1, Jak2, and STAT3 and 1:1,000 for phosphorylated and nonphosphorylated STAT3, ERK1/2, EGFR, and gp130. For immunoprecipitation experiments, total EGFR, Jak1, and Jak2 were immunoprecipitated from 500 Ag whole-cell lysates according to the manufacturer's protocol. Each blot was incubated with SuperSignal West Pico substrate and exposed to Kodak X-OMAT film.
Tissue Array, H&E Staining, and Immunohistochemistry Formalin-fixed and paraffin-embedded HNSCC tissue array was obtained from Cybrdi, Inc. (Gaithersburg, MD). The array contains HNSCC tumor tissues from 20 individuals and spotted in triplicates plus normal mucosa tissues from 6 normal subjects and spotted in duplicates. Each array spot was 1.5 mm in diameter and selected by the certified pathologist with histologic H&E and immunohistochemical pan-cytokeratin stainings. The tissues were sectioned 5 Am in thickness. H&E staining and immunohistochemistry were done according to the manufacturer's protocol.
STAT3-Binding Assay
The STAT3-binding activity was evaluated using a TransAM STAT family transcription factor assay kit (Active Motif, Carlsbad, CA) according to the manufacturer's protocol. The absorbance was measured at wavelength of 655 nm by a microplate reader (Biotek, Winooski, VT).
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium BromideAssay A total of 5 Â 10 3 UMSCC-9, UMSCC-11A, or UMSCC-38 cells were plated in each well of a 96-well microtiter plate and incubated overnight. The cells were then washed twice with PBS and exposed to inhibitors in medium at the concentrations indicated. Cell density was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide cell proliferation assay (Boehringer Mannheim, Indianapolis, IN). Colorimetric absorbance was measured at 570 nm by a microplate reader (Bio-Tek, Winooski, VT). This procedure was repeated at days 1, 3, and 5 after treatment. Real-time and Regular ReverseTranscription-PCR The RNA expression was detected by real-time quantitative PCR using the Assays-on-Demand Gene Expression assay. Total RNA was prepared using Trizol reagent (Invitrogen) according to the manufacturer's protocol. cDNA synthesis was done by using HighCapacity cDNA Archive kit (Applied Biosystems, Foster City, CA) to synthesize single-stranded cDNA according to the manufacturer's protocol. PCR was done together with endogenous control using eukaryotic 18S rRNA. Relative quantitation of the expression was done by normalizing the target gene signals with the 18S endogenous control.
To detect SOCS-1 gene expression, cDNA synthesis was done by using 3 Ag total RNA reverse transcribed with Moloney murine leukemia virus reverse transcriptase (Boehringer Mannheim). PCR was carried out using 1 Ag cDNA template in a total volume of 50 AL using 2 units Taq polymerase (Boehringer Mannheim) on a Perkin-Elmer GeneAmp PCR System 9700 (Applied Biosystems). The forward and reverse primers for SOCS-1 and glyceraldehyde-3-phosphate dehydrogenase are as follows: SOCS-1 5V -CACG-CACTTCCGCACATTCC-3V and 5V -TCCAGCAGCTCGAA-GAGGCA-3V and glyceraldehyde-3-phosphate dehydrogenase 5V -ATCACCATCTTCCAGGAG-3V and 5V -GCCATCCA-CAGTCTT-3V . The PCR for both genes was cycled at 94jC for 30 seconds, 60jC for 30 seconds, and 72jC for 1 minute. After 30 cycles, 10 AL aliquots were run on 1.5% agarose gels containing ethidium bromine and photographed.
DNA Modification and Methylation-Specific PCR DNA from UMSCC cells was extracted by using DNA extraction kit (Boehringer Mannheim). Bisulfite modification of DNA (1 Ag) was carried out by the CpGenome DNA Modification kit (Intergen, Purchase, NY) according to the manufacturer's suggestion. The bisulfite-modified DNA samples were amplified by primers specific for both methylated and unmethylated sequences. The primer sequences for detecting methylated for SOCS-1 were 5V -GTTCGGTTTCGTTTAGTTTTCGAGG-3V(forward) and 5V -ACCCCGACCGACCGCGATCTC-3V (reverse), whereas 5V -GTTTGGTTTTGTTTAGTTTTTGAGG-3V (forward) and 5V -ACCCCAACCAACCACAATCTC-3V (reverse) were used for unmethylated sequence detection (24) . PCR products were analyzed in 2% agarose gel stained with ethidium bromide. The PCR products were also sequenced for confirmation.
TransientTransfection and Luciferase ReporterAssays UMSCC-9, UMSCC-11A, and UMSCC-38 cells were seeded at 5 Â 10 5 per well in 24-well culture plates. On the following day, the cells were cotransfected with pSTAT3-TA-Luc at 0.1 Ag/well, corresponding plasmids at 0.3 Ag/ well, and internal control plasmid pCMV-LacZ at 0.02 Ag/ well. The transfection was carried using Effectene transfection reagent (Qiagen, Valencia, CA) according to the manufacturer's protocol. Each transfection was carried out in quadruplicate fashion. Three hours after transfection, the cells were stimulated with 10 ng/mL IL-6 or 5 ng/mL TGF-a for 24 hours. The cell lysates were collected and the luciferase activity was measured using Dual-Light reporter gene assay (Tropix, Bedford, MA) on Monolight 2010 luminometer according to the manufacturer's instructions (Analytical Luminescence Laboratory, San Diego, CA). h-Galactosidase activity was determined to verify the reproducibility of each transfection experiment and the relative STAT3 luciferase activity was calculated by dividing the STAT3 luciferase activity with h-galactosidase activity in each transfection experiment.
Alteration of SOCS-1 and STAT3 Activation via JAK or MEK

Results
STAT3 Activation Can Be Differentially Regulated by Signals through IL-6Ror EGFRin Different UMSCCLines
To explore the potential differences in IL-6R or EGFR signaling in STAT3 activation among HNSCC, we compared the effects of specific IL-6R and EGFR inhibitory antibodies and the corresponding ligands recombinant IL-6 and TGF-a on phosphorylated and total STAT3 expression in a panel of UMSCC lines that were characterized in previous studies for IL-6R and EGFR (17, 25) . Figure 1A shows a Western blot of phosphorylated and total STAT3 expression in HNSCC lines UMSCC-9, UMSCC-11A, and UMSCC-38. Constitutive phosphorylation and expression of STAT3 is detectable in all cell lines. to 90% confluence were serum staved for 48 h and pretreated with anti-IL-6R antibody (1 Ag/mL) and anti-EGFR antibody C225 (2 Ag/mL) alone or in combination for 1 h at 37jC. The cells were then treated with or without IL-6 (10 ng/mL) for 30 min. Whole-cell lysates were harvested for Western blot analysis using anti-phosphorylated STAT3 (P-STAT3 ) and anti-STAT3 antibodies. B, UMSCC-9, UMSCC-11A, and UMSCC-38 and human normal keratinocytes (HNKC ) in log growth phase were serum starved for 48 h followed by stimulating with (+) or without (-) IL-6 (10 ng/mL) for 30 min. Wholecell lysates (20 Ag) were used for Western blot analysis and detected with anti-phosphorylated STAT3 and anti-STAT3 antibodies or anti-phosphorylated gp130 (P-gp130 ) and anti-gp130 antibodies. EGFR immunoprecipitation was done using anti-EGFR antibody followed by immunoblotting with antiphosphotyrosine antibody and Western blot using anti-EGFR antibody. Both anti-IL-6R and anti-EGFR antibodies had inhibitory effects on STAT3 phosphorylation, but differences were observed among the cell lines. Anti-IL-6R antibody was found to inhibit constitutive STAT3 activation in all three UMSCC cells, and this inhibition was more complete in UMSCC-9 and UMSCC-38 relative to UMSCC-11A. In contrast, treatment with anti-EGFR antibody, C225, partially blocked STAT3 phosphorylation in UMSCC-11A cells but had no significant effect on STAT3 activity in UMSCC-9 and UMSCC-38. The strongest inhibition of constitutive STAT3 phosphorylation in UMSCC-11A cells was achieved when cells were treated with both antibodies simultaneously, suggesting that signals from both receptors contribute to STAT3 activation in UMSCC-11A cells. Because anti-IL-6R antibody inhibited STAT3 phosphorylation in all cell lines, the response of the cells to recombinant IL-6 was assessed. Recombinant IL-6-induced STAT3 phosphorylation in all cell lines and similar differences in the pattern of inhibition were observed when recombinant IL-6 ligand was added in the presence of the inhibitory antibodies. The results indicate that the contribution of IL-6R and EGFR to STAT3 activation can vary in different HNSCC cells.
Differences in Activation of STAT3 by IL-6R and EGFR among the UMSCC Lines Are Not Due to Absence of Receptor Activation or Ligand Expression
We next examined whether the differences observed could be attributed to lack of expression or phosphorylation of IL-6R or EGFR or expression of ligands IL-6 and TGF-a. All UMSCC cells, but not human normal keratinocytes, exhibited constitutive phosphorylation of STAT3, IL-6R subunit gp130, and EGFR (Fig. 1B) . UMSCC-11A exhibited a higher level of phosphorylated STAT3 relative to the other cells, and this was associated with a higher level of both phosphorylated IL-6R gp130 and EGFR (Fig. 1B) . All three UMSCC cell lines exhibited total STAT3, IL-6R gp130, and EGFR at similar levels to that detected in human normal keratinocytes, indicating that the differences in constitutive activation of STAT3 between UMSCC and human normal keratinocytes and among the UMSCC lines could not be attributed to simple variation in receptor expression. When cells were stimulated by exogenous recombinant IL-6, an increase in gp130 and STAT3 phosphorylation, but not on EGFR activation, was observed in all UMSCC cells and human normal keratinocytes, indicating that the IL-6R/ STAT3 pathway is functionally intact and activated independent of EGFR (Fig. 1B) . Two bands were detected by gp130 antibody on the Western blot, consistent with unmodified and glycosylated forms reported previously (26) . The gp80 component of the IL-6R was also detected in UMSCC cell culture supernatants but not by Western blot analysis (data not shown). We further investigated the effect of EGFR signaling on STAT3 phosphorylation (Fig. 1C) . TGF-a stimulated EGFR phosphorylation in both UMSCC-11A and UMSCC-38 cells but only induced STAT3 phosphorylation in UMSCC-11A cells (Fig. 1C) . The EGFR tyrosine kinase inhibitor, PD153035, inhibited phosphorylation of EGFR in both cells but only affected STAT3 phosphorylation in UMSCC-11A cells (Fig. 1C) . Thus, the differences in activation of STAT3 attributable to IL-6R and EGFR in the different cell lines were not related to lack of phosphorylation or expression of IL-6R and EGFR.
Expression of IL-6,TGF-A, and Phosphorylated STAT3 in HNSCC Cell Lines and Tissues
Expression of IL-6 and TGF-a mRNA and protein was characterized in the panel of UMSCC cells by quantitative real-time reverse transcription-PCR and ELISA (Fig. 1D) . Different levels of IL-6 (top) and TGF-a (bottom) expression were detected among UMSCC cell lines and consistent between mRNA and protein detection. UMSCC-11A cells expressed both genes and proteins at higher levels relative to the other cell lines (Fig. 1D) , which was consistent with higher level of phosphorylation of STAT3, gp130, and EGFR observed (Fig. 1A -C) .
To verify whether constitutive STAT3 activation is detected in tumor tissue as well as in cell lines, the presence of phosphorylated STAT3 was examined in HNSCC tissue array by immunohistochemisty. Seventyfive percent (15 of 20) of HNSCC specimens showed increased phosphorylated STAT3 when compared with normal mucosa, as shown in representative specimen (Fig. 1E) , consistent with the common detection of STAT3 activation in HNSCC cell lines and tissues (2 -4, 17, 18; this study).
Activation ofJAK or MEK Pathways by IL-6R and EGFR
We further examined the phosphorylation of kinases downstream of IL-6R and EGFR and response to pharmacologic inhibitors to identify possible mechanism(s) for the differential activation of STAT3 by IL-6R and EGFR in different HNSCC. Because regulation of STAT3 activation by IL-6 through JAK pathways has been established previously in lymphoid cells (27, 28) , we examined the JAK pathway involvement in IL-6 and EGFR signaling in the UMSCC cells. All three cell lines exhibited constitutive phosphorylation of Jak1 and Jak2, and UMSCC-11A showed the highest levels, which is consistent with the strong IL-6 expression and IL-6R phosphorylation observed. Although IL-6 induced STAT3 activation in all three cell lines, IL-6 induced phosphorylation of Jak1 and Jak2 only in UMSCC-9 and UMSCC-38 cells. Using the chemical inhibitor piceatannol for Jak1 or AG490 for Jak2, we showed that inhibitor alone only partially blocks STAT3 phosphorylation in UMSCC-9 and UMSCC-38 cells ( Fig. 2A and B) , whereas a combination of the two inhibitors achieved complete inhibition of STAT3 activation (Fig. 2C) . Surprisingly, in UMSCC-11A cells, IL-6 increased STAT3 activation without affecting Jak1 and Jak2 phosphorylation. The JAK inhibitors only suppressed constitutive and IL-6-induced phosphorylation of Jak1 and Jak2 but not STAT3, indicating the potential existence of a JAK-independent pathway regulating STAT3 activation in UMSCC-11A cells.
Because STAT3 activation in UMSCC-11A was dependent on both IL-6R and EGFR but independent from the JAK pathway, we hypothesized that the signal might be transduced through alternative pathways, such as the MEK or phosphatidylinositol 3-kinase pathway, which are activated by EGFR in HNSCC as we have shown previously (25) . To test this hypothesis, total and phosphorylated forms of MEK or phosphatidylinositol 3-kinase substrates ERK and AKT were quantified by Western blot (Fig. 2D) . UMSCC-11A cells exhibited the highest level of constitutive ERK phosphorylation, which was further induced by IL-6 (Fig. 2D ). IL-6 did not affect ERK phosphorylation in UMSCC-9 and UMSCC-38 cells (Fig. 2D) . U0126, a chemical inhibitor for MEK, which significantly suppressed ERK phosphorylation in all cells, completely blocked constitutive and IL-6-induced STAT3 phosphorylation in UMSCC-11A but not in UMSCC-9 and UMSCC-38 (Fig. 2D ). This observation was also supported by comparing STAT3 luciferase reporter activity on transfection with MEK activator (MEK EE) and MEK dominant-negative (MEK AA) plasmids with or without IL-6 treatment (Fig. 2E) . In UMSCC-11A cells, overexpression of MEK (MEK EE) enhanced STAT3 reporter activity, and MEK dominant negative (MEK AA) or UO126 suppressed the activity (Fig. 2E, top) . In contrast, manipulation Figure 2 . JAK-and MEK-mediated STAT3 activation in UMSCC cells. Serum-starved UMSCC-9, UMSCC-11A, and UMSCC-38 cells were pretreated with (A) Jak1 inhibitor piceatannol (PIC ; 50 Amol/L), (B) Jak2 inhibitor AG490 (5 Amol/L), or (C) both inhibitors in combination for 24 h at 37jC. Cells were then treated with IL-6 (10 ng/mL) for 15 min, and the cell lysates were harvested for Western blot analysis using anti-phosphorylated STAT3 and anti-STAT3 antibodies. The corresponding JAK protein in each experiment was immunoprecipitated using the corresponding JAK antibody followed by blotting with anti-phosphotyrosine antibody. The blot was stripped and reprobed for corresponding total JAK protein as control. D, serum-starved UMSCC-9, UMSCC-11A, and UMSCC-38 cells were pretreated with MEK inhibitor U0126 (10 Amol/L) for 24 h at 37jC. Cells were then treated with IL-6 (10 ng/mL) for 15 min and cell lysates were harvested for Western blot analysis using anti-phosphorylated ERK, anti-ERK, anti-phosphorylated STAT3, or anti-STAT3
antibodies. E, UMSCC-11A and UMSCC-38 were either transiently cotransfected with STAT3 luciferase reporter and pCMV-LacZ constructs with control vector pIRES, wild-type MEK expression vector (MEK EE), or MEK dominant-negative plasmid (MEK AA ) or pretreated with U0126 (10 Amol/L) for 24 h in the presence or absence of IL-6. Cell lysates were harvested and analyzed for luciferase activity using Dual-Light reporter assay system. Columns, mean luciferase activity relative to the h-galactosidase control calculated from quadruplicate transfections; bars, SD. F, UMSCC-11A and UMSCC-38 were preincubated with 5 Amol/L PD153035 for 24 h and stimulated with or without 5 ng/mL TGF-a for 30 min. Whole-cell lysates were harvested for immunoprecipitation and Western blot analysis described in Materials and Methods.
of MEK had no effect on STAT3 activation in UMSCC-38 cells (Fig. 1E, bottom) . LY-294002, a chemical inhibitor for phosphatidylinositol 3-kinase, showed no significant effect on STAT3 activation in any of the cell lines (data no shown). In addition, the effects of EGFR signaling on downstream pathways were evaluated. Figure 2F shows that ERK phosphorylation was induced by TGF-a or inhibited by PD153035 in both UMSCC-11A and UMSCC-38 cells, but the modulation of STAT3 phosphorylation was only observed in UMSCC-11A cells. EGFR signaling had no effect on Jak1 and Jak2 phosphorylation. These data clearly show that IL-6-and TGF-a-mediated STAT3 activation is mainly regulated through MEK pathway in UMSCC-11A cells.
Effects of JAK and MEK Inhibitors on STAT3-Binding Activity
Having shown the effects of JAK and MEK inhibitors on STAT3 phosphorylation, we next extended the study to how these inhibitors affect STAT3 DNA-binding activity (Fig. 3) . UMSCC-11A exhibited the strongest constitutive STAT3-binding activity followed by UMSCC-9 and UMSCC-38, which is consistent with the results of STAT3 phosphorylation described previously. When cells were preincubated with a single inhibitor for 24 hours, STAT3-binding activity in UMSCC-9 and UMSCC-38 was hindered in the presence of JAK inhibitor piceatannol or AG490 but not by MEK inhibitor UO126. STAT3 activity was further deceased in UMSCC-9 and UMSCC-38 when treated with both JAK inhibitors. In contrast, STAT3 binding in UMSCC-11A was only inhibited by U0126 but not by JAK inhibitors. Combination of JAK inhibitor AG490 and MEK inhibitor U0126 did not potentiate the decrease of STAT3 activity significantly. Taken together, these findings further show that the JAK and MEK pathways are differentially involved in regulation of STAT3 activation and binding activity in different HNSCC, which is consistent with the results above.
Effect of JAK or MEK Inhibitors on Cell Proliferation and Viability STAT3 activation has been associated with increased proliferation and inhibition of apoptosis. To study the relationship between inhibition of STAT3 and proliferation of UMSCC by MEK and JAK inhibitors, a 5-day 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was conducted with various concentrations of the inhibitors (Fig. 4A) . The chemical inhibitors of JAK or MEK showed a dose-and time-dependent growth inhibition in all cells. UMSCC-9 and UMSCC-38 cells were selectively more sensitive to the JAK inhibitors. On day 3, at the doses that completely blocked Jak1 and Jak2 phosphorylation, piceatannol (50 Amol/L) or AG490 (5 Amol/L) alone suppressed the growth of UMSCC-9 and UMSCC-38 cells >50% but suppressed the growth of UMSCC-11A cells only f30%. Higher doses of AG490 (10 Amol/L) completely suppressed cell growth in all cell lines in association with visible cytotoxic effects (data not shown). Although 10 Amol/L UO126 completely inhibited ERK and STAT3 phosphorylation, 10 and 30 Amol/L UO126 inhibited cell growth by only f30% in UMSCC-11A cells. In addition, when we tested cell apoptosis induced by the chemical inhibitors, MEK inhibitor U0126 significantly induced UMSCC-11A cell apoptosis, whereas JAK inhibitors had a greater proapoptotic effect on UMSCC-9 and UMSCC-38 (Fig. 4B) . Taken together, these results showed that different UMSCC cells exhibit differences in sensitivity to growth inhibition and apoptosis by inhibitors specific for JAK or MEK.
Transcriptional Silencing of SOCS-1 by Aberrant Methylation Augments Constitutive and IL-6-Induced STAT3 Activation in UMSCC-9 and UMSCC-38 Cells
Having shown that STAT3 activation is differentially regulated through JAK or MEK pathway in different UMSCC lines, we further explored the possible upstream control mechanism for such regulation. SOCS-1 has been discovered recently as a novel negative regulator of IL-6 signaling through the suppression of JAK activity (22, 29, 30) . We hypothesized that SOCS-1 might be involved in the differential regulation of STAT3 activation in UMSCC cells. Therefore, we determined SOCS-1 expression in UMSCC cells by reverse transcription-PCR. SOCS-1 was weakly expressed and induced by IL-6 stimulation in UMSCC-11A, but no SOCS-1 expression was observed in either unstimulated or IL-6 stimulated UMSCC-9 and UMSCC-38 cells (Fig. 5A ). This suggested that the SOCS-1 gene in UMSCC-9 and UMSCC-38 cells was either deleted or silenced by epigenetic mechanisms, such as aberrant gene methylation (22, 31 -33) . When we examined the potential promoter hypermethylation of SOCS-1 in these cells, methylated PCR product was found in UMSCC-9 and UMSCC-38 but not in UMSCC-11A, which is consistent with epigenetic silencing of SOCS-1 in UMSCC-9 and UMSCC-38 (Fig. 5B) . Aberrant methylation of SOCS-1 was also occurred in two of five microdissected tumor tissues from HNSCC patients (Fig. 5B) . To further confirm the results, demethylation was done in UMSCC-9 and UMSCC-38 cells by culture with 5-azacytidine, a drug known to remove methyl group from the nucleotides (Fig. 5C) . 5-Azacytidine (5 -10 Amol/L) completely demethylated SOCS-1 in UMSCC-9 and UMSCC-38 cells (Fig. 5C) , and both constitutive and IL-6-induced STAT3 phosphorylation was inhibited in UMSCC-9 and UMSCC-38 cells after demethylation (Fig. 5D) . Therefore, the epigenetic status of SOCS-1 is one of the important factors that govern IL-6 responsiveness and STAT3 activity in UMSCC-9 and UMSCC-38 cells.
SOCS-1 Expression Regulates STAT3 Promoter Reporter Activity
We further investigated the functional importance of SOCS-1 in regulating STAT3 activation. SOCS-1 expression plasmid was transiently cotransfected with a promoter construct containing four STAT3-binding sites upstream of a luciferase reporter. Constitutive reporter activity of STAT3 was observed in all UMSCC cells, and the constitutive reporter activity in UMSCC-11A cells was highest (Fig. 6A ). IL-6 significantly induced the STAT3 reporter activity in all cells. In UMSCC-9 and UMSCC-38 cells, cotransfection of SOCS-1-expressing plasmid led to a >60% reduction in constitutive STAT3 reporter activity and reduced IL-6-inducible activation by >50%. In contrast, no significant inhibition was observed in UMSCC-11A in either condition. However, a broad suppression of STAT3 reporter activity was observed in all cell lines under both constitutive and inducible conditions when we cotransfected the dominant-negative STAT3 construct (Fig. 6B) . These data further confirmed that SOCS-1 can specifically suppress STAT3 activation by the JAK pathway in UMSCC-9 and UMSCC-38 but not in UMSCC-11A cells.
Discussion
Emerging evidence from different studies have suggested the critical role of activated STAT3 in the progression of various human malignancies, including HNSCC (1 -9). Grandis et al. showed that constitutively activated STAT3 is present in HNSCC specimens and the adjacent mucosa when compared with unaffected subjects, which is associated with activated EGFR (3). However, the activation of STAT3 may not be limited to the EGFR pathway in HNSCC. The classic JAK/STAT pathway, which is under IL-6R signal control, is also well known to activate STAT3 (1). We reported previously that HNSCC cell lines constitutively produce various levels of IL-6 in their culture supernatants, and up-regulated IL-6 protein level was detected in HNSCC primary cultures, patient's tumor specimens, and sera (16) . Furthermore, we provided evidence for the importance of IL-6 in STAT3 activation and cell growth in HNSCC (16, 17) . Recently, we expanded the study of serum IL-6 level to a relatively larger group of HNSCC patients (n = 29) and showed that the patients with significantly decreased serum IL-6 level post-treatment had a better prognosis (34) . The findings suggested that serum IL-6 level in HNSCC was associated with aggressiveness of disease and was an important indicator for the clinical response to treatments. In support of the importance of IL-6-mediated STAT3 activation, Sriuranpong et al. showed that only 3 of 10 HNSCC cell lines expressed moderate to strong activation of EGFR, and constitutive STAT3 activation was regulated by IL-6R independent of the EGFR pathway in HNSCC cell lines with low or no EGFR expression (18) . The evidence from both clinical and basic science studies support the hypothesis that IL-6/IL-6R as well as EGFR-mediated STAT3 signal transduction pathway may contribute to the molecular pathogenesis of HNSCC.
In the present study, we showed that in UMSCC-9 and UMSCC-38 cells, where IL-6R and EGFR and their ligands were expressed and activated ( Fig. 1) , SOCS-1 methylation and inactivation could preferentially favor IL-6-and JAKmediated signaling and activation of STAT3 (Figs. 2 and 5) . In UMSCC-38 cells, the EGFR stimulator TGF-a and the inhibitor PD153035 were able to alter the phosphorylation of EGFR and ERK but not STAT3 (Figs. 1C and 2F) , and genetic manipulation of MEK did not affect STAT3 reporter activity (Fig. 2E, bottom) . All the evidence above supports the hypothesis that STAT3 activation is mainly through IL-6R/JAK pathway in UMSCC-38. In contrast, both EGFR and IL-6R pathways contributed to activation of STAT3 via MEK and ERK, independent of JAK ( Figs. 1 and 2 ), in SOCS-1-expressing UMSCC-11A cells (Fig. 5 ). IL-6 or TGF-a was able to induce ERK and STAT3 activation through IL-6R or EGFR phosphorylation ( Figs. 1 and 2) , and chemical inhibitors of JAK and genetic alteration of MEK significantly affected STAT3 activation (Fig. 2) . Such different dominant receptor/ pathway combinations for STAT3 activation may have important clinical implications. Recently, several clinical trials of gefitinib, a EGFR tyrosine kinase inhibitor, have been concluded in cancer patients, including lung, head and neck, and colorectal cancers, and the clinical efficacy was limited (35 -37) . Although gefitinib significantly suppressed EGFR phosphorylation and mitogen-activated protein kinase activation, the STAT3 phosphorylation level remained high in skin specimens of the patients (19) . Because the single-agent targeting at EGFR alone did not reach the expected clinical efficacy in these recent trials, it has been speculated that the activation of STAT3 or other downstream pathways independent from EGFR activation may have contributed to the resistance and clinical outcomes. Our results show that STAT3 activation is mediated by IL-6R or EGFR, through either JAK (UMSCC-9 and UMSCC-38) or MEK (UMSCC-11A), providing evidence that multiple pathways should be selectively targeted in patients with HNSCC to reach the maximal clinical efficacy.
Although several studies showed previously that the activation of the JAK pathway is critical for the constitutive and IL-6-induced STAT3 activation in HNSCC, breast cancer, and myeloma (11, 18, 21, 27, 28) , the role of JAK components and negative regulators in JAK-STAT3 activation in cancer cells have not been clearly defined.
Our study suggests that both Jak1 and Jak2 are required for the constitutive and IL-6-induced STAT3 activation in UMSCC-9 and UMSCC-38 cells. We provided evidence that the dominant contribution of the IL-6/JAK pathway to STAT3 activation in UMSCC-9 and UMSCC-38 was due to the loss of SOCS-1 expression by epigenetic hypermethylation of the SOCS-1 promoter (Fig. 5) . Restoration of STAT3 inhibition by demethylating agent or transient expression of SOCS-1 inhibited JAK-mediated STAT3 activation in UMSCC-9 and UMSCC-38 cells but not for MEK-mediated STAT3 activation in UMSCC-11A cells (Figs. 5 and 6 ), which is consistent with the findings by Rottapel et al. in v-Src-transformed cells (30) . In our study of UMSCC-9 and UMSCC-38 cells, where the constitutive and IL-6-induced STAT3 activation was mediated by both Jak1 and Jak2, SOCS-1 could directly inhibit JAK activity and lead to subsequent STAT3 inhibition (38 -40) . In addition, our data clearly showed that EGFR activation did not affect JAK activation in all cell lines (Fig. 2F) . Whereas the JAK-mediated STAT3 activation has been well studied, the role of MEK-mediated STAT3 activation seems unclear. Some studies indicate that MEK may promote the phosphorylation of a specific serine residue at 727 within the transcriptional activation domain of STAT3, which either contributes to the maximal transcription activity or induces the negative regulation of STAT3 activity, depending on the specific cell lines or stimuli (41, 42) . A more detailed study on MEK regulation on STAT3 activation is needed in UMSCC-11A and other HNSCC cells in vitro and in vivo.
Apart from JAK and MEK, further studies are needed to examine the possible regulatory effects of other members of SOCS family. Recent studies on mouse hepatocytes or macrophages suggest that SOCS-3 may also be involved in the negative regulation of IL-6 in vivo.
SOCS-3
À/À mice showed elevated IL-6 and activation of STAT1 and STAT3, whereas SOCS-1 À/À mice showed enhanced STAT1 phosphorylation in response to IFN-g (43) . These findings provided further evidence that the SOCS family is important in STAT regulation and the role of SOCS family members may vary in different cell types. Development of HNSCC cell lines expressing constitutive JAK or SOCS family members, or specifically knocking out the genes will be helpful in determining the relative importance of these and other members of the JAK and SOCS families.
It has been proposed that SOCS-1 may act as a tumor suppressor gene, as its expression has been shown to have antitumor effects through attenuation of signal by IL-6R (44) . Aberrant DNA methylation of CpG islands is usually associated with the silencing of tumor suppressor genes in human malignancies (45, 46) , and this phenomenon seems to be nonrandom and occurs in certain tumors (47) . Aberrant methylation of other genes related to growth regulation, cell cycle, and DNA repair has been shown in HNSCC (48, 49) . In the case of SOCS-1, aberrant methylation has been observed in other tumors that actively express IL-6, such as hepatocellular carcinoma (22, 31, 33) , multiple myeloma (32), gastric carcinoma (50) , and colorectal cancer (51) . The frequency of aberrant methylation of SOCS-1 was 65% and 63% in hepatocellular carcinoma and in multiple myeloma patients, respectively. We observed Figure 5 . SOCS-1 expression and promoter methylation and demethylation in UMSCC cells. A, SOCS-1 expression in UMSCC-9, UMSCC-11A, and UMSCC-38 cells. UMSCC cells were preincubated in low-serum medium for 24 h and followed with IL-6 stimulation (10 ng/mL) for 4 h. Total RNA was isolated and RNA (3 Ag) was reverse transcribed with Moloney murine leukemia virus reverse transcriptase to generate cDNA. PCR reaction was carried with primers for SOCS-1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH ) as a control. Peripheral blood mononuclear cells (PBMC ) treated with IL-6 (10 ng/mL) were used as a positive control for reverse transcription-PCR of SOCS-1 . B, analysis of methylation status of SOCS-1 in UMSCC-9, UMSCC-11A, and UMSCC-38 cells (left ) and microdissected HNSCC tissues (right ) by methylationsensitive PCR. Genomic DNA were harvested and modified for methylationsensitive PCR using primers differentiating methylated and unmethylated SOCS-1 DNA sequence. M, presence of methylated PCR product; U, presence of unmethylated PCR product; IVD, in vitro methylated DNA (used as a positive control). H 2 O was used as a negative control. C, demethylation treatment by 5-azacytidine in UMSCC-9 and UMSCC-38 cells. UMSCC cells were treated by varying concentrations of 5-azacytidine for 5 d to find the optimal dose. The genomic DNAs were collected from the cells and methylation-specific PCR was done using primers differentiating methylated SOCS-1 DNA sequence. 5-Azacytidine (5 Amol/L) was the dose to demethylate the DNA and used for the following experiment. D, STAT3 phosphorylation in UMSCC-9 and UMSCC-38 cells after demethylation. Cells were treated by 5 Amol/L 5-azacytidine for 5 d followed by stimulating with or without IL-6 (10 ng/mL) for 30 min. Whole-cell lysates (20 Ag) were subjected to electrophoresis and immunoblotted for anti-phosphorylated STAT3 and anti-STAT3 antibodies.
SOCS-1 hypermethylation in 2 of 8 (25%) UMSCC cell lines ( Fig. 5 ; data not shown) and 2 of 5 (40%) of microdissected HNSCC tissues (Fig. 5) , indicating that the prevalence may be lower than observed in hepatocellular carcinoma. Other than epigenetic alteration, it has been reported that viruses, such as hepatitis C virus, could activate STAT3 through JAK (52) . Therefore, it may also be interesting to examine the potential effects of viruses frequently associated with HNSCC, such as EBV and human papillomavirus, on STAT and SOCS-1 regulation.
Our study suggests several strategies for molecularly targeted therapy aimed at the STAT3 signal transduction pathway. First, inhibition of both IL-6R and EGFR, JAK and MEK, or STAT3 further downstream may be required for coverage of patients with different dominant pathways or patients with heterogeneous tumors. Alternatively, it may be possible to determine the relative role of these pathways through determination of SOCS status or phosphoactivation of these components before and during therapy, permitting individually tailored therapy targeted at the dominant signal transduction pathway. A thorough understanding of the molecular mechanisms in each cancer type needs to be achieved before successful therapy may be developed.
